ABSTRACT-Common carp Cyprinus carpio were experimentally exposed to koi herpesvirus (KHV) under water temperature regimes ranging from 16∞C to 28∞C. Fish maintained at 16∞C, 23∞C and 28∞C died due to infection at 21 -52, 5 -20 and 7 -14 days post-virus exposure (dpe), respectively. Cohabitation experiments in which KHVinfected common carp were kept with naive koi carp revealed that infectious virus was continuously shed from the infected common carp for 34 days (7-40 dpe) at 16∞C, for 14 days (1-14 dpe) at 23∞C and for 12 days (3-14 dpe) at 28∞C. The relatively extended duration of virus shedding observed at 16∞C suggests the potential risk of infection from fish maintained under low-temperature conditions as a source of viral inocula.
tally exposed to KHV between 18∞C and 28∞C, but not at 13∞C. St-Hilaire et al. 7) reported that KHV-infected fish maintained at 12∞C exhibited no mortality for 30 weeks, but began dying after water temperature increased to 23∞C.
In the present study, common carp were experimentally infected with KHV at water temperatures of 16∞C, 23∞C and 28∞C -the presumed permissive range of water temperatures for infection -and observed for mortality. We also examined the duration of virus shedding from the KHV-infected common carp under different water temperatures using cohabitation experiments.
Materials and Methods
Common carp brain (CCB) cells 8) were cultured in MEM supplemented with 5% fetal bovine serum. The KHV strain NRIA0308, isolated from diseased common carp in Japan in 2003, was used to inoculate CCB cells. After incubation at 20∞C for 14 days, the culture supernatant was used as a virus source for infecting common carp. The infective titer of the KHV virus stock determined using CCB cells was 10 3.6 TCID 50 /mL.
KHV-free common carp (average 4.4 g in body weight, total 240 fish) from the National Research Institute of Aquaculture (NRIA) were divided into three groups consisting of 80 fish and acclimatized in 200 L aquaria adjusted to 16∞C, 23∞C or 28∞C (± 0.5∞C) over a 7-day period. Each group was separately infected with KHV by immersion in a 10 L aquarium containing 10 mL of the virus stock solution for 1 h, and 10 fish from each group were transferred to a 60 L aquarium adjusted to each water temperature and monitored for mortality for 60 days.
For virus shedding experiments, common carp from each of the KHV-infected groups were cohabited with naive koi carp (average 3.7 g, total 81 fish). Twenty common carp from the KHV-infected group at 16∞C were transferred to a 28 L aquarium maintained at 16∞C (cohabitation aquarium), and three individual koi carp were introduced at intervals of 1, 3, 5, 7, 14, 21, 28, 40 and 60 days after the common carp were exposed to KHV. After cohabitation with infected common carp for 24 h, the koi carp were transferred to nine 10 L-aquaria adjusted to 23∞C and observed for mortality over a twoweek period. In order to maintain a constant number of fish in the cohabitation aquarium (N = 20), dead fish were replaced with infected fish from the 60 L aquarium in the event that an infected common carp in the cohabitation aquarium died during cohabitation experiments. Same cohabitation tests were conducted for other two groups (23∞C and 28∞C).
The 28 L and 60 L aquaria were low flow-through water tanks and fish were fed dry pellets. For the 10 L aquaria, 50% water was exchanged a day and fish were not fed the pellets. Dead fish were immediately Since the first outbreak was reported in 1998, the distribution of koi herpesvirus (KHV) has spread globally and is currently a threat to natural populations of common carp Cyprinus carpio, as well as the cultivated common carp (kurogoi) and koi carp (nishikigoi), respectively 1, 2) . KHV infections in wild fish have been reported in spring and autumn at water temperatures ranging between 22∞C and 26∞C
2) or 18˚C to 26∞C 3) .
However, infections have not been observed in mid summer, which suggests that outbreaks of the disease are dependent on water temperature. Field surveys conducted on the disease in Japanese rivers and a lake have revealed that the lowest water temperature at which outbreaks occurred was 15.5 -16∞C 4, 5) , while Gilad et al.
6) observed mortality in carp that had been experimen-removed from the aquaria, with DNA extraction performed using gill filaments and amplification and analysis performed using PCR as described by Yuasa et al.
9)
.
Results and Discussion
The cumulative mortalities of common carp exposed to KHV and maintained for 60 days at water temperatures of 16∞C, 23∞C and 28∞C were 70%, 70% and 50%, respectively. The KHV genome was detected in all gill filaments of the dead fish using PCR and mortality was observed at 21 -52 days post-KHV exposure (dpe) at 16∞C, 5 -20 dpe at 23∞C, and 7 -14 dpe at 28∞C. As mentioned previously, the permissive water temperature range for KHV infection appeared to range between 16∞C and 28∞C. Increasing the temperature to 30˚C was effective for treating infected fish 10) and it is possible that the highest permissive temperature for KHV is less than 30∞C. In the present infection experiments, fish kept at 23∞C and 28∞C began dying at 5 and 7 dpe, whereas fish maintained at 16∞C began dying at 21 dpe (Fig. 1) . These findings suggest that lower temperatures are less permissive for KHV infection. The strain of koi carp used in the present cohabitation experiments is highly susceptible to KHV at 23∞C; the strain exhibited 100% mortality due to infection with KHV was observed within two weeks after exposure in the virus. The duration of KHV shedding by infected common carp differed among the three groups maintained at different water temperatures. When cohabited with KHV-infected common carp for 7, 14, 21, 28 and 40 dpe at 16∞C, for 1, 3, 5, 7 and 14 dpe at 23∞C, and for 3, 5, 7 and 14 dpe at 28∞C, all three koi carp died and were PCR-positive for KHV (Table 1 ). This indicates that the infected common carp shed virus for at least 34 (7-40 dpe), 14 (1-14 dpe) and 12 days (3-14 dpe) at 16∞C, 23∞C and 28∞C, respectively, suggesting a relatively extended period of virus shedding at lower temperatures. Interestingly, no KHV genetic material was detected in the surviving koi at two weeks post-cohabitation, although the virus DNA was detected in several organs of surviving common carp in the cohabitation aquarium at 23∞C for 60 dpe (data not shown), which appeared to have been either persistently or latently infected with the virus for an extended period of time.
We showed that mortality in infected fish at 16∞C was initially observed at 21 dpe, whereas the fish maintained at this water temperature began transmitting the virus to naive koi carp at 7 dpe and continued to shed the virus for 34 days. It was very difficult to diagnose virus-shedding fish in the absence of any clinical signs (congestion of the fins and exfoliation of the epidermal cells on the body surface) at this temperature, indicating that there is a high risk of viral dissemination at low temperatures. In addition, it is known that common carp exposed to KHV can be persistently infected with the virus for an extended period at temperatures less than 13∞C, and that these fish have been observed to shed virus when the water temperatures exceed 20∞C
3) . Our findings demonstrate the potential for the risk of virus transfer in fish reared at 16∞C, commonly employed water temperature for rearing carp. Consequently, the transfer of carp during low water temperature seasons should be avoided unless the fish have been tested previously by maintaining the water temperature above 20∞C for several weeks combined with testing for KHV using PCR. -infected  common carp  1  3  5  7  14  21  28  40  60   16∞C  ---+  +  +  +  +  -23∞C  +  +  +  +  +  ----28∞C  -+  +  +  +  ---- After cohabitation with KHV-infected common carp for 24 h, mortality was examined in koi carp for 2 weeks at 23∞C and dead fish or surviving fish at 2 weeks post cohavitation with KHV-infected common carp were sampled for PCR test. +: All 3 koi carp died of KHV infection (PCR-positive).
-: All 3 koi carp survived (PCR-negative). 
